The development of high-performance and low-cost oxygen reduction and evolution catalysts that can be easily integrated into existing devices is crucial for the wide deployment of energy storage systems that utilize O 2 -H 2 O chemistries, such as regenerative fuel cells and metal-air batteries. Herein, we report an NH 3 -activated N-doped hierarchical carbon (NHC) catalyst synthesized via a scalable route, and demonstrate its device integration. The NHC catalyst exhibited good performance for both the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER), as demonstrated by means of electrochemical studies and evaluation when integrated into the oxygen electrode of a regenerative fuel cell. The activities observed for both the ORR and the OER were comparable to those achieved by state-of-the-art Pt and Ir catalysts in alkaline environments. We have further identified the critical role of carbon defects as active sites for electrochemical activity through density functional theory calculations and high-resolution TEM visualization. This work highlights the potential of NHC to replace commercial precious metals in regenerative fuel cells and possibly metal-air batteries for cost-effective storage of intermittent renewable energy.
Introduction
Much research effort has been dedicated to the replacement of fossil fuels with renewable energy sources for the production of electricity [1, 2] . However, due to the intermittent nature of renewable electricity derived from wind or solar power, grid destabilization will become increasingly problematic with its more widespread deployment [3] . Therefore, there is a need to develop cost-effective means to store renewable energy in order to realize a sustainable fossil-fuel-free economy [4] . Regenerative fuel cells (RFCs) represent an interesting class of energy storage devices that are based on H 2 -O 2 -H 2 O chemistries [5] . However, expensive Pt and Ir catalysts are typically required to drive oxygen reduction and water oxidation at an appreciable rate, leading to scalability issues [6] . Thus, the development of high-performance and earthabundant catalysts that can interconvert O 2 and H 2 O with minimal overpotentials remains a critical challenge.
N-doped carbon materials have recently emerged as a promising group of O 2 catalysts owing to their promising activity, low cost, and high degree of tunability in both acidic and alkaline environments [7] [8] [9] [10] [11] . Fundamental investigations into these materials have revealed that both the morphology (i.e., the number and size of pores) and the surface functionality (i.e., the abundance and type of heteroatom) play significant roles in their overall O 2 activity [7, 12] . Moreover, defects that are naturally or chemically formed during synthesis can influence the electronic structure of carbon materials and significantly enhance N-doping [13, 14] , which is energetically favored to occur near defects [15] [16] [17] . This improved understanding has led to marked enhancements in the oxygen reduction reaction (ORR) activity of these materials, some of which now exhibit activities comparable to those of commercial Pt catalysts [12, 18, 19] .
There have been fewer studies on these materials for the oxygen evolution reaction (OER) [10, [19] [20] [21] [22] [23] . Though carbon materials display high performances in standard three-electrode electrochemical cells, there have been no reports to date on integrating these bifunctional catalysts into operational devices, which is a key step towards replacing the precious metals currently used in RFCs [19, 24] . Furthermore, there is little information available to guide catalyst design, particularly for the rarer OER carbon catalysts. The development of this kind of high-performance catalyst would enable production of regenerative fuel cell devices.
Herein, we report the preparation of an N-doped hierarchical carbon (NHC) catalyst with rationally designed surface functionality and defect types using a direct soft-templating method followed by a final NH 3 activation step. Compared to the conventional hard-template approach, this NHC synthesis method is facile, cost-effective, and less time consuming [25, 26] . Notably, the catalyst demonstrates high performance for both the ORR and the OER in alkaline environments, achieving an overall O 2 activity that is comparable to that of a commercial Pt/C and Ir/C mixture. By means of density functional theory (DFT) and high-resolution transmission electron microscopy (HR-TEM), we elucidate the design of the catalyst, identifying the active sites for the ORR and OER to be the N-doped defects and carbon defects, respectively. Finally, we demonstrate that these carbon-based materials can be utilized as O 2 catalysts in anion exchange membrane regenerative fuel cells (AEM-RFCs), with the resultant device exhibiting a performance that is comparable to state-of-the-art Pt/Ir AEM-RFCs.
These results suggest that NHC is a high-performance, earth-abundant, and device-compatible bifunctional O 2 catalyst. This work provides new insight into catalyst design, and will contribute towards the replacement of the precious metals typically used for O 2 catalysis in commercial RFCs.
Results and discussion

Catalyst synthesis
The hierarchical porous carbon, which consists of a combination of macropores (ca. 1 μm), mesopores (ca. 5.6 nm) and micropores (< 2 nm), was rationally designed and prepared from a pyrrole monomer precursor. Figure 1 shows a schematic of the synthesis process. We chose a hierarchical morphology because it is beneficial for oxygen reduction catalysis since the mesopores facilitate oxygen diffusion through the catalyst structure while the micropores provide Nano Res. 2017, 10(4): 1163-1177 abundant active sites for the reaction [12] .
Synthesis of N-doped mesoporous carbon without using a hard template is desirable. Furthermore, polypyrrole was chosen for its high N/C ratio, high pyrolysis yield, and the fact that its aromaticity comprises five-membered heterocyclic rings, which may facilitate the formation of certain defect structures. Consequently, we used the 4-(pyrrol-1-yl)butanoic acid (Py-COOH) monomer, which we have used in previous studies, to provide optimal hydrophilicity for preferential co-assembly with the triblock copolymer surfactant template, and to ensure a fixed position in the palisade region [27, 28] . The mesoporous structure was generated by polymerization of the monomer to give the polymer nanocomposite, followed by carbonization at high temperature under inert gas to remove the low-boiling-point block copolymer template. Unlike in previous work, subsequent activation of the carbonized sample was carried out in ammonia in order to incorporate additional nitrogen content and micropores into the carbon framework. It also induces enhanced N-doping near the pentagonal defects [13, 14, 29] .
Physical, structural, and chemical characterization
Scanning electron microscopy (SEM) of the NHC (Fig. S1 in the Electronic Supplementary Material (ESM)) shows the macroporous features of the carbon framework. This catalyst has a granular morphology with a particle size distribution ranging from 100 nm to 5 μm. The TEM image ( Fig. 2(a) ) reveals a high degree of periodicity when viewed from the [110] direction, indicating a two-dimensional hexagonal mesostructure. HR-TEM imaging was utilized to observe the defect types in a thin region of the carbon sample. As shown in Fig. 2(b) and Fig. S2 (in the ESM), numerous defects, including a Stone-Wales defect and a carbon vacancy, are observed. HR-TEM was also performed on the commercially available mesoporous carbon CMK-3 for comparison, and revealed that it is mainly composed of graphitic carbon, with predominate graphitic fringes and ordered lattices of graphene (Fig. S3 in the ESM) .
The porous structure of the NHC catalyst was further analyzed by N 2 adsorption techniques. The nitrogen sorption isotherms (Fig. 2(c) ) can be classified as type IV [30] . The steep uptake at low relative pressures reveals the microporous nature (d < 2 nm), while the hysteresis at a relative pressure > 0.4 indicates the existence of mesopores, which originate from the removal of the block copolymer template (Fig. 2(c) inset) [31] .
The chemical composition of the NHC catalyst is 3.6 wt.% N and 85.3 wt.% C as measured by elemental Figure 1 Schematic illustrating the synthesis procedure for NHC. A rationally-designed pyrrole monomer with a hydrophilic anchoring group was synthesized and co-assembled with a triblock copolymer to form a mesophase in an aqueous solution upon polymerization. Carbonization of the polymer co-assembly yields mesoporous carbon with ordered mesopores. Subsequent ammonia activation generates additional micropores to give abundant active sites for electrochemical reactions.
Nano Res. 2017, 10(4): 1163-1177 analysis, and 0.5 wt.% Fe as measured by inductively coupled plasma spectrometry (ICP). A small amount of iron residue is detected in the carbon framework due to the use of ferric chloride during the polymerization step that was not completely removed, even after extensive acid washing. However, we observed that increasing the Fe content does not improve the ORR activity.
The nature of the nitrogen species was further investigated by X-ray photoelectron spectroscopy (XPS) in the N1s region as shown in Fig. 2(d) . Quaternary nitrogen (N-Q, 401.4 eV) is the most stable nitrogen species under pyrolysis conditions and represents 69% of all nitrogen species [32, 33] .
Given these unique features, including small particle size, highly ordered mesopores, considerable microporosity, and abundant nitrogen functionalities, the NHC material exhibits great potential for the ORR.
ORR activity
The ORR activity of the NHC catalyst in a 0.1 M KOH electrolyte was first studied using a rotating disk electrode (RDE) setup in a three-electrode electrochemical cell. Before NH 3 activation, the catalyst at a 0.28 mg/cm 2 loading exhibits moderate ORR activity ( Fig. 3(a) ). This catalyst achieves a half-wave potentialdefined as the potential required to reach half of the limiting current-of 0.832 V, and a limiting current density of -4.2 mA/cm 2 . Interestingly, the final NH 3 activation step results in a marked improvement in the ORR activity of the catalyst, with a half-wave potential of 0.882 V and a limiting current density of . The enhancement by NH 3 activation can be attributed to a variety of reasons; higher surface area due to the generation of micropores, improved conductivity, and an increase in the amount of N heteroatoms [12, 34, 35] . Cyclic voltammograms conducted in a separate N 2 -saturated electrolyte (Fig. S4 in the ESM) confirm that the current generated is due to O 2 reduction. In fact, the half-wave potential achieved by the NHC catalyst is highly competitive with commercial Pt/C nanoparticles at standard 28 μg Pt /cm 2 or 0.14 mg catalyst /cm 2 loadings, and is comparable to the best-reported carbon-based ORR catalysts with comparable loadings (Table S1 in the ESM) [8, 12, 18, 19, 36, 37] .
To obtain a better comparison between the intrinsic activity of the NHC and Pt catalysts, we calculated turnover frequency (TOF), defined as the O 2 molecules reacted per second at each active site (details in the ESM). Since the nature of the active site had not been conclusively determined, we calculated two values for the number of active sites of the NHC catalyst, one by assuming that all surface atoms are equally active (TOF avg ), which represents a significantly lower value, and the other by assuming that the active sites are the carbons next to nitrogen heteroatoms (TOF C-N ) based on the DFT calculations shown below. The TOF avg and TOF C-N of the NHC catalyst are 0.006 and 0.159 O 2 /s, respectively, revealing the high activity of the NHC catalyst for the ORR (Table S2 in the ESM). For comparison, the TOF of commercial Pt is calculated as 0.132 O 2 /s, which is consistent with literature values for Pt in an alkaline environment [38] [39] [40] . We note that TOF calculations are rarely performed for carbonbased materials, and as such we limit our comparisons to Pt only.
Further mechanistic analysis by the construction of Koutecky-Levich plots ( Fig. 3(b) ) and rotating ring disk electrode (RRDE) measurements ( Nano Res. 2017, 10(4): 1163-1177 which strongly suggests that the NHC catalyst has a strong selectivity for the preferred full four-electron reduction of O 2 to H 2 O.
ORR stability
Stability is another key catalyst performance metric to consider since fuel cells are subjected to harsh working conditions [41] . We performed accelerated durability testing on the NHC catalyst based on a slight modification of a protocol proposed by the U.S. DOE that simulates typical fuel cell operating conditions [42] . The durability tests reveal that the NHC catalyst is stable during the ORR, requiring only an additional 27 mV to reach the initial half-wave potential after 10,000 cycles ( Fig. 3(c) and Fig. S6 (a) in the ESM). This reasonable stability may be attributed to the minimal amount of H 2 O 2 produced during the ORR, as hydroxyl radicals are known to destroy the active sites [34] . Furthermore, the contiguous mesostructured network might restrict the pathways for active site agglomeration and Ostwald ripening [41] . Most importantly, the stability of the NHC catalyst is higher than that of Pt/C, which loses 50 mV of the initial half-wave potential after 10,000 cycles ( Fig. 3(c) and Fig. S6(b) in the ESM).
In addition, an ideal catalyst should also display high tolerance to methanol, which may cross over from the anode of direct methanol fuel cells. Methanol tolerance was investigated by adding methanol to the electrolyte with the NHC electrode held at 0.8 V vs. a reversible hydrogen electrode (RHE). The absence of any appreciable change in activity ( Fig. 3(d) ) suggests that NHC is resistant against methanol contamination, unlike Pt/C, which shows a 40% drop in activity upon methanol addition owing to active site poisoning. The reasonable stability displayed by the NHC catalyst satisfies another key criterion required for an ORR catalyst alternative to high-cost Pt/C.
OER and overall O 2 performance
Most literature reports on carbon-based electrocatalysts focus more on the ORR than the OER, which is the oxidative half reaction for water electrolysis that can potentially provide a clean pathway for renewable fuel production [43, 44] . Interestingly, the NHC catalyst also displays reasonable performance for the OER, requiring 1.678 V to reach 10 mA/cm 2 ( Fig. 4(a) ) [5] . Importantly, the OER activity of the NHC catalyst is within 29 mV of that for commercial Ir nanoparticles, and is competitive with the best-reported carbon-based OER catalysts (Table S4 in the ESM) [19, 20] .
Carbon is known to undergo oxidation at high potentials, which can lead to a rapid loss of active material [45] . The OER stability of NHC was examined by holding the cell at 10 mA/cm 2 for 1 h (Fig. 4(b) ). The NHC displays reasonable stability, requiring only an additional 38 mV overpotential to reach 10 mA/cm 2 , which is comparable to the stability of Ir nanoparticles. Additionally, a portion of the drop in activity is reversible, as seen from the periodic drop in overpotential, which can be attributed to reversible blockage of active sites due to bubble formation on the catalyst surface, and suggests that most of the OER active sites are still present after the stability test. We note that the ORR activity dropped after OER testing (Fig. 4(c) ), strongly suggesting that the active sites for the ORR are different from those of the OER, and are possibly oxidized in the high potential window of the OER. To further understand this phenomenon, XPS was used to characterize the material after electrochemical testing. As determined by the relative peak ratio for N 1s using XPS measurement, the surface concentration of nitrogen decreases by 39% with a change in the distribution of the types of nitrogen (Fig. S7 in the ESM). We postulate that during the OER, nitrogen moieties undergo oxidation, leading to the observed change in the nitrogen functional groups [46] . Additional DFT calculations were performed to confirm that pyridinic nitrogen is the most reactive N-type, favoring NO formation (see the ESM). This further suggests that nitrogen-doped sites are responsible for the ORR activity, which is consistent with the findings of a recent study on the ORR active sites in N-doped carbon [16] .
With carbon-based catalyst materials, it is important to investigate how much, if any, of the current drawn might be due to carbon oxidation rather than water oxidation. The faradaic efficiency of NHC for the OER was determined using an O 2 probe in a custom-made cell (Fig. S8 in the ESM) . A representative measurement is shown in Fig. 4(d) , from which the faradaic efficiency was calculated to be close to 100%. Nano Res. 2017, 10(4): 1163-1177
Overall, the RDE testing data verifies that NHC is a high-performance and low-cost bi-functional O 2 catalyst (Fig. 4(a) ). Table 1 directly compares the ORR and OER activity of the NHC catalyst and that of a precious-metal based electrode consisting of Pt and Ir. Comparing the overall O 2 activity of the two systems, defined as the voltage difference between that required to drive the OER at 10 mA/cm 2 versus that for the ORR at the half-wave potential (Δ(OER -ORR)), 
Regenerative fuel cell performance
Having developed an active and stable carbon-based ORR-OER bifunctional catalyst, we integrated it into a device environment. There have been limited reports of carbon-based catalysts driving the ORR in an operational anion exchange membrane fuel cell (AEMFC) [19, 24, 47, 48] , let alone in an AEM-RFC. Therefore, we examined the performance of NHC in a working device environment by incorporating the catalyst into an AEM-RFC. Two separate membrane electrode assemblies (MEAs) were prepared, one for a fuel cell setup and the other for an electrolyzer setup. 
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A schematic of the resultant device during operation as a fuel cell and as an electrolyzer is presented in Fig. S11 (in the ESM) .
The polarization and power density curves of the NHC/Pt AEM-RFC in fuel cell mode are shown in Fig. 5(a) . The peak power density obtained at a cell temperature of 70 °C is 228 mW/cm 2 at 0.40 V. Notably, this performance is competitive with that of a stateof-the-art Pt/Pt AEMFC, which delivers a peak power density of 260 mW/cm 2 ( Fig. 5(a) ). In addition, the performance is superior to those of analogous AEMFCs (carbon-based ORR catalyst, Pt/C hydrogen oxidation reaction (HOR) catalyst) reported (Table S5 in the ESM). Given the low cost of Pt-free catalysts and the mass transport issues arising from a thick catalyst layer, it has been proposed that the figure-of-merit for nonprecious catalysts is their volumetric activity at 0.8 V [49] . We determined the volumetric activity of the NHC catalyst at 0.8 V to be 2,600 A/cm 3 (see the ESM), which is well beyond the 300 A/cm 3 DOE target for 2015, indicating the exciting possibility of using NHC as a cathode fuel cell catalyst [50] .
The NHC/Pt AEM-RFC was also tested in water electrolysis mode. Figure 5(b) shows the polarization curve. The cell achieves a current density of 200 mA/cm 2 at 1.95 V and 70 °C , which is close to the 1.88 V required for our state-of-the-art Ir/Pt AEMEC. Overall, the performance of the NHC/Pt AEM-RFC is close to that of our state-of-the-art precious-metal Pt/Ir AEM-RFC, and to the best of our knowledge, this is the first report of a semi-precious AEM-RFC (carbon-based OER catalyst, Pt/C hydrogen evolution reaction (HER) catalyst).
Mechanistic study
To gain further insight into the nature of the active sites for the ORR and OER, we performed DFT calculations on various carbon-based structures with and without nitrogen. The substantial contribution of pentagonal defects to oxygen reduction activity has recently been identified in carbon-based metal-free catalysts [51] . In this work, we considered a wide range of different types of defects (Fig. S13 in the ESM), including single vacancy (SV) and double vacancies (DVs), such as 555-777 ( Fig. 6(a), A3 ), 5555-6-7777 ( Fig. 6(a), A4 ), 555-6-777 ( Fig. 6(a) , A5 & A6), and Stone-Wales 55-77 ( Fig. 6(a) , A7) and 585 (Fig. S13 in the ESM) [52] together with their N-doped versions. Here, the 5, 6, and 7 denote the pentagon, hexagon, and heptagon in the defect configuration. Our calculations indicate that SV and 585 DV are too reactive to contribute to oxygen catalysis, while some of the DVs are able to catalyze both the ORR and OER. The active site is located at the pentagons as marked in Fig. 6(a) . We show that pentagons in different types of defects represent markedly different activities. We also show that N-doping in the DV defects, which is shown to be energetically favored in the pentagons Given that Ir exhibits higher activity for the OER than NHC as shown during RDE tests, it is not unexpected that the Ir/Pt AEMEC exhibits slightly higher performance than that of the NHC/Pt AEMEC. Nano Res. 2017, 10(4): 1163-1177 [13, 14] , significantly enhances activity. Figure 6 (b) displays a schematic of the four-electron oxygen reduction reaction pathway in alkaline media.
The ORR and OER catalytic activities are determined by the binding energies of reaction intermediates (OH*, O*, and OOH*) to the active sites of the catalyst (Fig. 6(a) ) [53] . Our calculations indicate scaling relationships between the binding energies of reaction intermediates (see the ESM), which allow us to establish theoretical activity volcanoes for both the ORR and the OER (Figs. 6(c) and 6(d) ). Figure 6 (c) displays the theoretical activity volcano for the ORR on the RHE scale. Limiting potentials (i.e., the maximum potential at which all the elementary steps of water formation are downhill in free energy) are shown as a function of ΔG OH [53, 54] . Our DFT calculations identify highly active structures for the ORR (the estimates of uncertainties of all calculated values are in the ESM). Note that the theoretical limiting potential for the ORR at an N-doped defect-free structure (A1) is 0.39 V, while the N-free DVs such as 555-777 (Fig. 6(a), A3 ) and 555-6-777 (Fig. 6(a), A6 ) have high activities with limiting potentials of 0.55 V and 0.71 V, respectively. Depending on the position of the nitrogen, some of the N-doped DVs (Fig. 6(a) , A7 and A9) show activities with a limiting potential of 0.79 and 0.74 V. These are similar to those of many known promising catalysts [54] [55] [56] [57] [58] [59] . We note that the topmost active structure is the N-doped version of the Stone-Wales defect (Fig. 6(a), A7) , which is the most stable (Table S6 in the ESM) and the most frequently found defect type in the mesoporous structures as Nano Res. 2017, 10(4): 1163-1177 observed by HR-TEM. As the mesoporous structures involve a complex multilayer of graphene, we examined the effect of sublayer graphene on the ORR activity of the defect in Fig. 6(a) , A7. Our results show that graphene sublayers have a negligible effect on the predicted activity.
Activity trends for the OER are shown in Fig. 6(d) . Here, the theoretical limiting potential is plotted as a function of standard free energy of the ΔG O -ΔG OH step [49] . We found that the most active structure for the OER is the N-free defect (Fig. 6(c), A6 ) with a theoretical overpotential of 0.47 V, which indicates promising activity compared to those of known metal oxide catalysts [60, 61] .
To further confirm that defects on the carbon framework are responsible for the OER active sites, we prepared an N-free defective mesoporous carbon based on previous reported literature and subjected it to electrochemical analysis (Fig. S15 in the ESM) [62] . The N-free defect sample shows acceptable activity for the OER; however, it is not active towards the ORR. This observation once again confirms that different types of active sites are responsible for the two oxygen reactions, and it is in agreement with the results of the DFT calculations.
Conclusion
Our soft-templating synthesis process produces a high density of ordered mesopores, which facilitate reactant diffusion to active sites. The catalyst synthesis route was specially designed to be facile and scalable for easy catalyst integration into existing device configurations. Based on DFT calculation, significant enhancement in activity can be achieved by N-doping near the DV defects [15] . The concentration of defects can be tuned by controlling the degree of chemical treatment. An enhancement in the ORR activity is provided by the use of a final NH 3 chemical activation step. Based on computational calculations, we assigned the observed ORR activity to the N-doped moieties on the pentagons of DV defects, while the observed OER activity is possibly due to the defective carbon structure. The fundamental electrochemical testing data described herein validates NHC as a high-performance and stable bi-functional O 2 catalyst.
Further incorporation of the NHC as the O 2 catalyst of an AEM-RFC results in a device with high performance comparable to that of a state-of-the-art precious-metal Pt/Ir AEM-RFC, but at a much lower cost. This cost argument is made more compelling given that the catalyst loading on the O 2 side of an RFC is typically higher than that on the H 2 side since sluggish kinetics affect the ORR/OER more than the HOR/HER [49] . Optimization of the MEA components and synthesis procedure could further improve the cell performance [63] , making it potentially more attractive for commercial RFC applications. The development work presented herein, from fundamental catalyst understanding to full-scale devices, provides a practical step towards a potentially commercial-level, preciousmetal-free RFC as a cost-effective energy storage device to complement intermittent renewable energy.
Methods
Catalyst synthesis
In a typical synthesis, Pluronic P-123 (0.598 g, Aldrich) acting as the soft template, and FeCl 3 (1.14 g) acting as the polymerizing agent, were added to a mixture of Millipore water (15 mL) and 12 M HCl (2.5 mL) cooled with an ice water bath. The solution was vigorously mixed for 2 h before 4-(pyrrol-1-yl)butanoic acid (0.45 mL) was added drop-wise. We found previously that a monomer that is too hydrophilic would stay within the aqueous phase and not assemble, while a monomer that is too hydrophobic would occupy the core of micelles of the triblock copolymer. 4-(pyrrol-1-yl)butanoic acid exhibits the ideal hydrophilicity for the co-assembly process. After vigorous stirring for 20 min, the solution was allowed to sit in an ice water bath for 20 h, followed by hydrothermal heating to 100 °C to polymerize the 4-(pyrrol-1-yl)butanoic acid monomers. The hydrothermal product was then filtered and washed with deionized water repeatedly. Carbonization was performed in a tube furnace at a working pressure of ca. 520 Torr under 60 SCCM N 2 (99.999%) flow. The polymer composite was first heated to 350 °C at a ramp rate of 1 °C /min and held for 3 h to slowly decompose the triblock copolymer surfactant, followed by heating to 600 °C Nano Res. 2017, 10(4): 1163-1177
(1 °C /min) and finally to 800 °C (5 °C /min) and held for 2 h. Chemical activation was carried out in a tube furnace at 900 °C under NH 3 flow for 15 min, with the heating and cooling processes conducted in an Ar-saturated environment.
Physical and chemical characterization
SEM was performed using an FEI Magellan 400 XHR with a 5 kV accelerating voltage and 25 pA beam current. TEM was carried out using a spherical aberration (image) corrected FEI Titan operated at 80 kV. Elemental composition was measured with XPS (PHI 5000 Versaprobe, Al Kα source). Nitrogen sorption experiments were performed using an Autosorb iQ 2 (Quantachrome) low-pressure gas sorption analyzer with 99.999 % N 2 at 77 K. ICP-OES was carried out using a Thermo Scientific ICAP 6300 Duo View Spectrometer. Further details can be found in the ESM.
Electrochemical characterization
Electrochemical testing was performed in a threeelectrode setup utilizing a graphite rod counter electrode and a Ag/AgCl reference electrode in a 0.1 M potassium hydroxide electrolyte. The working electrode was prepared by first mixing 1.0 mg of NHC, 98 μL of ethanol and 2 μL of cation-exchanged Nafion solution. Then, 5.5 μL of the resulting solution was dropcasted onto a glassy carbon disk (Sigradur G HTW Hochtemperatur-Werkstoffe GmbH) to obtain a catalyst loading of 0.28 mg/cm 2 . For comparison, a 20% Pt/C (Etek) electrode with a standard 28 μg Pt /cm 2 loading was also prepared. For the RDE measurements, the shaft was rotated at 1,600 rpm and the potential was cycled between 0.2 and 1.1 V vs. RHE at 10 mV/s. The ORR activity was determined by subtracting the current obtained in a N 2 -saturated electrolyte from that obtained in an O 2 -saturated electrolyte. Furthermore, multiple 10 mV/s runs were conducted at different rotation rates ranging from 400 to 2,500 rpm for KouteckyLevich analysis. The potential scale was calibrated to the RHE using a Pt wire (Sigma-Aldrich) as the working electrode in a H 2 -saturated electrolyte, and a value of 0.957 V was obtained. RRDE measurements were carried out by sweeping the disk potential between 0.2 and 1.1 V vs. RHE at 10 mV/s while holding the Pt ring at 1.2 V vs. RHE. The ring collection efficiency was determined to be 0.21 using the reversible [Fe(CN) 6 ] 4-/3-redox couple. Accelerated stability testing on the NHC catalyst was performed by sweeping the potential between 0.6 and 1.0 V vs. RHE at a scan rate of 50 mV/s for 10,000 cycles. A regular 10 mV/s scan between 0.2 and 1.1 V vs. RHE was conducted after 100, 1,000, and 10,000 cycles to ascertain the change in activity over time. The effect of methanol crossover was examined by first holding the working electrode at 0.8 V vs. RHE for around 4.5 min before adding 3 mL of 3 M methanol to the electrolyte.
The OER activity of NHC was determined in a similar fashion to the ORR testing methodology, except that the potential range chosen was between 1.1 and 1.8 V vs. RHE. For comparison, a 20% Ir/C (Etek) electrode with a standard 28 μg Ir /cm 2 loading was also prepared. The OER stability of NHC was examined by holding the working electrode at 10 mV/s for 1 h. Faradaic efficiency measurements were performed in a gas-tight, two-compartment electrochemical cell (Adams and Chittenden Scientific Glassware) equipped with a commercial electrochemical sensor (Unisense Oxygen Microsensor OX500) as shown in Fig. 8 . Further details can be found in the ESM.
Computational details
The simulations were handled using the Atomic Simulation Environment (ASE) software package [64] . The electronic structure calculations were performed using QUANTUM ESPRESSO program package [65] . The electronic wave functions were expanded in plane waves up to a cutoff energy of 500 eV, while the electron density was represented on a grid with an energy cutoff of 5,000 eV. Core electrons were approximated with ultrasoft pseudopotentials [66] . We used the BEEF-vdW exchange-correlation functional [67] , which has been shown to accurately describe chemisorption as well as physisorption properties on graphene. Graphene structures were modeled as one layer. A vacuum region of about 20 Å was used to decouple the periodic replicas. For adsorption studies, supercells of lateral sizes 4 × 4 and 8 × 8 were used, and the Brillouin zones were sampled with (6 × 6 × 1) and (4 × 4 × 1) Monkhorst-Pack k-points, respectively. We estimated the uncertainty of the presented DFT Nano Res. 2017, 10(4): 1163-1177 energies through an ensemble of exchange-correlation functionals representing the known computational errors of the BEEF-vdW functional (Table S7 in the ESM), as reported elsewhere [68] .
MEA fabrication and RFC testing
Four separate MEAs were prepared by a conventional catalyst-coated substrate technique, and utilized commercial AEMs (Fumapem FAA-3, Fumatech) . The first MEA, for use in a fuel cell setup, consisted of a cathode with 1.0 mg/cm 2 of NHC and an anode with 1.0 mg/cm 2 of Pt/C. Gas diffusion electrodes (GDEs) were synthesized by first mixing 6.8 mg of the NHC catalyst and 26 μL ionomer (Fumion FAA-3, Fumatech) with 0.136 mL of a water-isopropanol (1:4 volume ratio) solvent. The resulting solution was then painted onto carbon paper (5 cm 2 , Sigracet 35BC, Ion Power). For the Pt/C electrodes, 6.8 mg of the Pt/C was mixed with 26 μL of ionomer in 0.271 mL of solvent. An AEM was sandwiched between the GDEs and the resulting MEA was loaded into a 5 cm 2 cell assembly (Fuel Cell Technologies, Inc.). The performance of each MEA was examined using a test system (Fuel Cell Technologies, Inc.) at 70 °C with H 2 and O 2 (99.999%, Praxair) gases flowing at 200 SCCM. Polarization curves were obtained by stepping the voltage from 1.0 to 0.2 V at 50 mV intervals. The second MEA, for use in an electrolyzer setup, consisted of an anode with 2.0 mg/cm 2 NHC and a cathode with 1.0 mg/cm 2 Pt/C. The MEA was made by the same method and then tested in a similar fashion as that described above, except that water instead of H 2 and O 2 gases was flowed through the cell, and the voltage range used was 1.1 to 2.0 V. Analogous precious-metal Pt/Pt and Ir/Pt MEAs with 1.0 mg/cm 2 catalyst loading were also tested for comparison purposes.
